Three planned Test Blanket Modules (TBMs) and 18 toroidal field coils break the axisymmetry of the ITER magnetic field. In this paper, the plasma response on these non-axisymmetric fields is studied quantitatively. For this purpose, self-consistent, three-dimensional, free-boundary equilibria of type ITER scenario 4 are computed. The resulting 3D equilibrium magnetic fields are then compared with the corresponding axisymmetric fields to which the vacuum perturbation fields are superimposed. The studies are performed for various normalized plasma pressures.
Introduction
Tokamaks are usually considered to be axisymmetric. However, the finite number of toroidal field coils results in a toroidal field ripple that breaks the axisymmetry. Besides the field ripple, the symmetry may be broken because of a number of effects, such as (i) error fields produced by misaligned coils, e.g. [1, 2] , (ii) additional resonant magnetic perturbation fields, e.g. ELM (Edge Localized Mode) control fields [3, 4] , (iii) installed ferritic inserts which reduce the field ripple but break the toroidal symmetry [5, 6] , (iv) asymmetrically placed Test Blanket Modules (TBM) used to test tritium breeding [7] , and/or (v) wall structures with holes and port extensions [8, 9] close to the plasma.
While collisionless, trapped particles are confined in axisymmetric fields, field perturbations lead to a loss of these particles due to stochastic diffusion and/or ripple well trapping [10, 11] . Fast particle losses (3.5 MeV α-particles and 1 MeV neutral beam particles) in ITER caused by toroidal field ripple and perturbation fields are currently subject of several investigations [7, 12, 13] . The 3D magnetic fields used in these studies are superpositions of axisymmetric equilibrium fields and 3D perturbation fields. The latter are the vacuum ripple field created by the 18 toroidal field coils, and the fields produced by TBMs and ferritic inserts (FI) [7] . In the current conceptual design, the ferritic inserts are placed in the gap between the inner and outer wall of the ITER vacuum vessel in each of the 18 toroidal sections. The three TBMs shall be installed in the equatorial ports #2, 16 and 18. That is, they will be located in one quadrant of the torus at toroidal angles φ=30, 310 and 350 o , respectively. A more detailed description of TBMs and FIs, and the computation of their magnetic field contributions can be found in [7] .
Note that in these calculations the fields produced by the axisymmetric plasma currents have also been included.
Superimposing vacuum perturbation fields to the axisymmetric equilibrium field is a standard numerical procedure for tokamaks. However, for many years it is an subject of several investigations [14, 15, 16, 17] whether the plasma currents are significantly changed by these perturbation fields. In order to address the significance of these changes for ITER equilibrium configurations, we compute 3D free-boundary equilibria of type scenario 4, taking into account the uncompensated field ripple, and the influence of FIs and TBMs. The resulting 3D equilibrium fields, that is, their geometry and ripple, are then compared with the corresponding axisymmetric equilibrium fields to which the perturbation fields have been added. We investigate equilibria with various volume-averaged β-values ( β ¡ =2.24, 3.66, and 4.67%), because the plasma response is expected to be β-dependent. The volume-averaged plasma beta is defined by β
¡ with p and B being plasma pressure and magnetic field strength, and ¡ indicating the volume average. The numerical calculations of the freeboundary equilibria are performed with the VMEC/NEMEC code [18, 19] . Assuming nested flux surfaces the code minimizes the total energy of a plasma confined in a toroidal domain. The vacuum magnetic field, the total toroidal flux, and the pressure and safety factor serve as input to the code.
The paper is organized as follows. In Sect. 2, the ITER equilibrium scenario 4 and the design of similar equilibria with higher plasma beta values are described. Then, in Sect. 3, the toroidal field ripple is investigated for the considered β-values, and in Sect. 4, the effects of TBMs and FIs are studied. Finally, a summary and conclusions are presented in Sect. 5.
ITER equilibria
Our studies are based on the steady state ITER scenario 4 with a toroidal plasma current of 9 MA, a volume-averaged plasma beta of β ¡ ¥ ¢ 2¦ 24%, a weak negative magnetic shear and a strongly shaped plasma. This configuration is assumed to produce 300 MW of fusion power with Q ¢ 5 for 3000 s. The plasma shape of the axisymmetric equilibrium, as well as the profiles of pressure, p, and safety factor, q, are shown in Fig. 1 (solid curves) .
In order to study the influence of the plasma beta on the plasma response, we designed in addition two similar equilibria with β ¡ ¥ ¢ 3¦ 66 and 4.67%. These equilibria have identical q-profiles, self-similar pressure profiles and almost identical plasma boundaries, as illustrated in In order to fix the plasma boundary, it is necessary to adjust the currents in the poloidal field coils which are responsible for plasma shape and position. In a first step, axisymmetric fixedboundary equilibria with the selected plasma beta values are computed. Then, these equilibria are used to determine the required poloidal coil currents with the CURFIT (CURrent FIT) code, which has been developed from the NESCOIL code [20] . The CURFIT code determines the poloidal coil currents which produce a poloidal magnetic field surrounding the plasma equilibrium and satisfying the boundary conditions at the plasma boundary. The poloidal coil currents of the standard ITER scenario 4 and the two higher β equilibria are listed in Table 1 . A comparison shows that small current changes in some of the poloidal field coils are sufficient to retain position and shape of the plasma boundary.
Toroidal field ripple
The 18 toroidal field coils of ITER produce a maximum toroidal field ripple of approximately 1.1% at the plasma boundary on the low-field side. In this study, we compute the ripple with two different methods. In the first one, the standard tokamak method is used. That is, axisymmetric equilibria and their corresponding fields are computed on which the vacuum ripple field is superimposed. The latter is defined as 3D vacuum field minus axisymmetric vacuum field. The second method corresponds to the computation of 3D free-boundary equilibria where the ripple is taken into account self-consistently. The ripple of the resulting 3D equilibrium field is compared with the one obtained with the first method for all β-values considered. In the following, we will denote the ripples computed with the first and the second method with δ v and δ e , respectively. Both are defined by
with B max and B min being the maximum and minimum field strength values in toroidal direction. The β-dependent modifications of the ripple are caused by the toroidal and poloidal plasma currents. As discussed in detail in papers by J.L. Johnson et al. [14] and Y. Suzuki et al. [15] , the field ripple is modified by the ripple of these currents. At the positions of the toroidal field coils the ripple of the toroidal current density is maximum whereas the ripple of the poloidal current density is minimum. Furthermore, the plasma currents (Pfirsch-Schlüter and diamagnetic currents) are proportional to the pressure gradient. Therefore, the patterns of ripple difference ∆δ, which arise in Figs 2b, c and d, are related to the pressure gradient as is demonstrated in Fig. 3 . There, an enlargement of the upper part of the outer midplane of 
Ferritic inserts and TBMs
Ferritic inserts and TBMs alter the magnetic field. The corresponding field perturbation has been computed by K. Shinohara et al. [7] . In Fig. 6 shows the low-n part (-10 n 10) of the Fourier spectrum of the asymmetric radial component b s R m n . Increasing the number of TBMs and distributing them equidistantly would not only eliminate these low-n harmonics in the ripple field, but also the overall magnitude of the field would be strongly reduced within the plasma. It is the low nharmonics with n= 1, 2 that are mainly responsible for the following observations. As described in Sections 2 and 3, axisymmetric equilibria and 3D free-boundary equilibria which take the toroidal field ripple into account have been computed for β ¡ ¥ ¢ 2.24, 3.66 and 4.67%. For all these cases, the VMEC/NEMEC code yielded a fully converged solution. However, including the modifications of the ripple field by the TBMs the situation is different. A converged solution can only be found for β ¡ ¥ ¢ 2¦ 24%. For the two higher β-values the computations only converge in the beginning, but then a continuous increase of the n=1 Fourier harmonics sets in. No wall, free-boundary stability studies of the axisymmetric equilibria performed with the CASTROR FLOW code [21] show that the high-β equilibria are strongly unstable with respect to n=1 ideal kink modes. The growth rates are γ The ferritic inserts decrease the toroidal field ripple considerably. Only in a small region at the low-field side close to the plasma boundary the effect of the ferritic inserts is small (see Figs 5 and 7c) . However, the TBMs lead to a local increase of the ripple, as illustrated in Fig. 7 . Fig. 7d the ripple differences, ∆δ, between the 3D equilibrium fields and these fields are presented. Again the differences are negligibly small. It is interesting to note however that the plasma currents decrease the ripple in the neighbourhood of the TBMs but increase it everywhere else.
The low-n field components of the TBMs not only prohibit a stable equilibrium solution for higher β-values, they also lead to island formation. Figure 8 shows a Poincaré plot of the axisymmetric equilibrium field ( β ¡ ¥ ¢ 2¦ 24%) with superimposed field perturbations. Even close to the magnetic axis, small magnetic islands are formed at rational q-surfaces, and the boundary region is stochastizised because of overlapping islands. Typical island sizes are from inside outwards: (3,1) 2 cm, (5,2) 1 cm, (3,1) 1 cm, (4,1) 0.6 cm etc.. These island widths are of approximately the same size as the banana widths of the trapped thermal ions. In Fig. 9 two banana orbits of deuterons with E ¢ 5 keV and E ¢ 2¦ 5 keV are plotted together with the magnetic islands. Since the island widths are comparable to the banana widths, the pressure profile will not be completely flat inside the islands. Taking into account that plasma rotation will shield the vacuum fields for higher β-values, the induced islands are not expected to serve as seed islands for neoclassical tearing modes (NTMs). However, the corresponding perturbation fields might cause locked magnetic islands during the current ramp up phase or reduce plasma rotation and cause locking of resistive wall modes in high-β advanced scenario operation.
Summary and conclusions
Non-axisymmetric equilibrium fields have been computed for ITER scenario 4 using (i) the standard tokamak method, that is, axisymmetric equilibrium fields plus superimposed 3D perturbation fields, and (ii) the 3D free-boundary VMEC/NEMEC code. Comparing the flux surface geometry and the magnetic field ripple, only negligibly small differences have been found, even for high β-values. The observed maximum ripple differences are smaller than 10%. Therefore, we don't expect a significant effect concerning particle losses, if self-consistent 3D equilibrium fields are used for those studies. Furthermore, the VMEC/NEMEC code assumes nested flux surfaces, that is, islands generated by the TBM field are suppressed. With respect to this problem, the standard tokamak method seems to yield a more realistic magnetic field. For a completely self-consistent 3D equilibrium computation, which also takes island formation into account, the HINT [22] or PIES [23] codes would have to be used. The computation of 3D
free-boundary equilibria with the VMEC/NEMEC code requires an enormous numerical effort, which would even be further increased by using the HINT or PIES code. However, since the observed plasma response to ripple and TBM perturbation fields is negligibly small, such a numerical effort does not seem to be appropriate for these kind of perturbations.
The convergence problems which occur for high-beta equilibrium computations including the TBM perturbation field indicate that the low-n components of this field have a destablizing effect. This is in agreement with previous findings that tokamaks are highly sensitive to nonaxisymmetric magnetic perturbations due to currents outside the plasma (see for e.g. [2, 24] ). So, besides the effect of TBMs with respect to particle confinement [7, 12, 13] , also their consequences for the stability have to be investigated in detail.
In the boundary region, TBM magnetic fields have a similiar effect as the field of ELM control coils. Even if the planned ELM control coils cause a much stronger stochastizisation and larger islands [4] , the effect of the TBMs should be included in those ELM studies. Finally, it should be noted that the TBM induced perturbations will influence the discharge from the very beginning. 
